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I propose to devote this inaugural lecture to a discussion of the role of randomness 
in organization and in particular in the organization of the nervous system, both 
structurally and functionally. By now we are quite familiar with mechanical devices 
imitating the action of living organisms. We have computing machines to do our 
arithmetic for us, automatic devices to turn on the current in our toaster, and a 
myriad of other devices. Most of these devices represent ‘inventions’, that is con- 
catenations of mechanical and electrical operations which have been put together 
by human ingenuity and which could scarcely be thought of as occurring by an 
accident of nature. Nevertheless living organisms did originate at some time or other, 
and we generally conceive of them es having originated by an accident of nature. 
The question that arises is: is the difference between living organisms and the arti- 
ficially constructed mechanical surrogates one of principle, or can we find any inter- 
mediate systems binding together the two sides of the gap? 

Under these conditions it is not unnatural that we have turned to the study of 
chance and randomness to supply in living organisms that external design which 
seems to be missing in their origin. In this way we are only going again over the path 
trod by Darwin in his theory of natural selection. 

In the 18th century the general view concerning the multiplicity of animals and 
plants was that the species went back to the original creation by the deity. Long 
after, doubts began to be expressed about this by eccentrics as Lamarcq and Erasmus 
and Darwin. People began to search for some mechanisms, other than creation, 
which could account for the origin of species. Here Darwin’s suggestion of natural 
selection won the day. This was that species of animals or plants which were origi- 
nally close enough to one another to interbreed freely, became more and more 
differentiated in the course of time until this possibility of free interbreeding became 
lost, thus breaking up the breeding continuity into several separate breeding com- 
munities. Some of these had a good balance with their environment, including as a 
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part of it their own nature. These flourished and multiplied, giving rise in turn to new 
species. The others which were not as well adjusted to their environment sooner or 
later dwindled and became extinct. Thus the pattern of species, according to Darwin, 
is a fragmentation pattern due to the development of gaps in what was originally 
— at least as a possibility — a more or less random distribution, and the formation 
of these gaps was itself a random phenomenon. This gives a hint of how random 
developments may lead us to an apparently well defined pattern. 

When Darwin developed his theory of natural selection we knew far less about the 
mechanisms available for this than we have found out since. The fundamental 
machinery of heredity consists of genes and their combinations and recombinations. 
This was not known to Darwin although the basic experimental work was already being 
done in Briinn by the Abbot Mendel. Even in Mendel’s work these bearers of 
unitary characteristics, known as genes, were only discovered by physiological 
influences and Mendel knew nothing or next to nothing about the nuclear ele- 
ments, the chromosomes which carry these genes, and the arrangements of 
genes or the chromosomes themselves. It is because of this later work that we have 
been able to supplement Darwin’s conjectures by a very fair study of the dynamics of 
the multiplication of species and races, and by the statistical study of the frequencies 
of the various dynamic combinations. 

We are now at the stage in which the dynamics of the physiology of the individual 
is going through a period of investigation which parallels that carried out earlier by 
Darwin, Mendel and their followers into the dynamics of the genetics of the race. 
The queen of all the physiological sciences is the physiology of the nervous system. 
Tt is thus not at all remarkable that the picture which is now being formed of nervous 
activity has a very considerable resemblance to the picture of natural selection. 

We are living in an age in which automata have become part of our daily life. 
Most of these automata have very little resemblance in their operation to the living 
organisms which perform similar functions. To think of the structure of this unnatural 
thing multiplying itself and producing other systems with the same property, is 
repugnant to our way of thinking. I will not say it is impossible, for I have myself 
developed an account of how one operative mechanism may at the same time act 
as a template for the design and production of other mechanisms with the same 
function. Nevertheless for such a method to have any naturalness it must have pro- 
bability and we must consider the prospect of the development and multiplication 
of such a system from this statistical point of view. 

The need for this statistical element in the study of live processes in general, and 
processes of the nervous system in particular, has been felt by many physiologists 
and has been emphasized explicitly by Dr. W. Ross Ashby. However, the notion of 
the statistical description of a dynamical system, and for that matter the notion of a 
dynamical system itself, is neither trivial nor easy and requires a considerable so- 
phistication in mathematics and mathematical systems. It is my intention in this talk 
to stress some of the points which must be considered in a sophisticated approach 
to such matters. 

Most of our present approaches to the nervous system are centered around the 
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nerve fiber, which is the prime conductive mechanism of this system. We know that 
along the length of the nerve fiber a message is carried by a spike-like wave of elec- 
trical activity which travels along the fiber at a fairly definite velocity and then leaves 
a temporary inactive period behind it before it can be stimulated again. We have a 
fairly good physical-chemical-electrical account for how such an impulse travels 
along a fiber. As this is one of the few phenomena in the nervous system which can 
be studied in relative isolation there has been a great tendency to build up operational 
models of the nervous system out of elements which are essentially those of nerve 
fibers. 

Now the nerve fibers of which the white matter in the nervous system consists and 
the elements of which the gray matter consists, although the gray matter is itself 
largely fibers, have one great difference: the fibers of the white matter are much 
longer than the fibers of the gray matter. Very likely the fundamental molecular 
process of conduction is the same in both, although it is carried on without essential 
change for a much longer time in the white fibers. I remember that when I was a 
child I read a popular article for children about the nervous system which compared 
the firing of a nerve to the falling down in succession of a sequence of domino’s 
stood on end where each one upsets the next one. This is a good analogue if we do not 
go into it too much in detail, and it indicates that the process of propagation of the 
nerve message represents a repeated iteration of the action which is transformed anew 
each time. The result is that after a long sequence of such repetitions the pattern of 
the action has been remade very many times and can be expected to have assumed 
an asymptomatic form in which no trace of the form of the original activity will 
survive. An impulse goes along a nerve either to disappear in the course of time and 
space, or to assume a standardized form. This is manifestly the origin of the remarkable 
all-or-none phenomenon observed in nervous conduction. 

It is now clear that this all-or-none character is the result of the long duration in 
time and the long continuence in space of nervous conduction under essentially 
constant conditions. It is not to be expected then in a short fiber in which the remaking 
of the initial impulse has not had headway enough to assume its final shape or in 
which there are non-homogeneities such as incoming or outcoming branches as in 
the teledendron or the dendrites. Therefore the pattern of all-or-none activity, where 
highly suitable for the conduction of nervous activity in the white matter, is by no 
means so suitable for the study of the same sort of activity in the gray matter. As a 
matter of fact I believe there is positive evidence that the all-or-none hypothesis 
applied to the gray matter leads to false conclusions. 

This is an elementary example of the caution with which we must take the account 
of the mechanism of action of the nervous system. The simple pattern of activity 
along the nerve is not sufficiently elaborate to cover the whole subject. Moreover it 
is difficult to supplement this information by other equally valid information con- 
cerning the gray matter. 

The gray matter is a forest where we can literally not see the forest for the trees 
nor the trees for the forest. We have many techniques of studying its histology and 
several for studying its physiology. Each of these techniques gives us information 
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about some phases of the nervous system at the cost of suppressing the other phases, 
and it is most difficult to get these different elements of information onto the same 
screen. If we wish to know the ramifications of the individual fiber in the nervous 
system to the highest possible degree of accuracy, we use a staining method like that 
of Golgi, which seems to dye fortuitously one fiber out of many with a metalic deposit. 
The knowledge that we receive concerning the individual fiber is precise in the ex- 
treme. But the knowledge as to its real orientation to other fibers is scanty and 
misleading. On the other hand we can use a colored stain which will bring out a 
large part of the fibers at the cost of representing them as an inextricable tangle. To 
interpret the information obtained by these two methods, so as to understand the 
relevance of the one picture to the other, we must use mixed methods of staining in 
which we get as much information concerning the trees or the forest as we do by the 
pure methods, but in which we get much more information, partial though it be, 
concerning the relation between the trees and the forest. 

Thus we may say that our actual knowledge of the functional organization of the 
nervous system, and of its permanence in time, is minimal. Obviously there is enough 
permanence that certain processes which retain past impressions may be attributed 
to the reverberations of very large and permanent circuits of information in the 
nervous system. This is one sort of memory, but it is almost certainly not the only 
sort. It is highly improbable that this is the sort of memory upon which are impressed 
the rather specific and long-lasting impressions to which we refer in psycho-analysis. 

The psycho-analysist is familiar with impressions received in early childhood and 
which, though they appeared to be utterly lost, can be brought back in a very explicit 
and detailed way into consciousness by appropriate psycho-analytic procedures. The 
fondling of a child by its mother, shocking experiences of the family life, and the 
relations between the parents can all be brought back to full and detailed consciousness 
by processes which have a certain formal likeness to the processes by which an 
apparently lost photographic image can be developed and fixed. The use of certain 
drugs or techniques of hypnosis show us that the stored repertory of the nervous 
system is enormously greater than that which we should imagine without these 
radical techniques cf investigation. These hidden memories, in addition to their 
multiplicity and detail, are not easily accessible to the person who carries them. They 
need to be brought out by elaborate techniques which are themselves time consuming. 
They seem to be not like reverberations of circuits which are there more or less all 
the time, and which we should expect to find fugitive and easily erased by even a 
temporary interruption, but rather like engrams burnt into the very intimate struc- 
ture of mental and nervous organization. This is not to say that these deep memories 
do not have physiological carriers. Short of the dogmatic and sterile vitalism, we 
must suppose that they have identifiable physico-chemical correlates. It does mean, 
however, that these correlates must be sought at a level much finer than that of the 
fiber structure of the nervous system and must go back to a structure of a finer 
texture than that which we observe with the ordinary microscope. Perhaps the elec- 
tron-microscope is the appropriate tool for investigating them, or even analytical tools 
going further still into the molecular structure. 
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What type of structure do other parallel physiological processes suggest as the 
carrier of these long-term memories? Here we are not on solid ground, but we have 
ample basis for speculation. In addition to the memories carried by the nervous 
system of the individual there are certain rational memories which last not only for 
the life time of a single plant or animal, but for ages of geological history. These 
memories are the genetic memories and are carried, at least in large measure, by the 
genes in the chromosomes. 

There are types of animal or plant which have remained without radical change 
for millions of years. Of course we are not in a position to make a direct experiment 
of how the living beings of early times carried their hereditary qualities, but it is 
highly reasonable to suppose that these beings, very similar to those existing nowadays, 
carried their natural memories in the same way as those of the present. Here we know 
that the chief bearer of hereditary properties is the nucleus of the germ cell and that 
within this nucleus the hereditary properies are carried in minute organs, known as 
the chromosomes. Even within the chromosome we have a chain of still more minute 
carriers of heredity which are known as genes and whose arrangement we are able 
to infer to a great degree. The last decade has greatly increased our knowledge of the 
physical chemistry of these genes themselves and has given clear indication of the 
very specific and rather complicated intercalation of nucleic acids and amino acids 
in the form of the double spiral. This spiral seems under certain conditions to split 
into its two components, single spirals, and each of them seems to pick from the 
nutritive medium in which they are immersed the necessary complementary parts, 
to reconstitute again a double spiral of the same sort as the original one. 

It is this which is the fundamental phenomenon of genetics rather than the phe- 
nomena of sex. In order for the fusion of elements from the two parents to constitute 
the primordium of the new individual the genes themselves must produce more similar 
molecules. 

This process may seem to be explained by the double spiral hypothesis, but this 
is incomplete in some parts. Not only must the double spiral split, but the dynamics 
of its splitting and of its taking on new elements from the nutritive medium needs to 
be explained. This dynamics is a much more complicated matter than the more 
switching circuitry of the nervous network. This dynamics of nucleic acids is not 
confined to the genes. There is a good deal of evidence nowadays that viruses are 
closely related to genes. They are nucleic acid complexes which multiply as do the 
genes at the expense of constitutive materials, to be found in the host animal or 
plant. In this sense they are parasites, although to sue the word “‘parasite”’ with a 
strict meaning the viruses should be “‘alive’. However, the question of whether a 
virus is alive or not is highly academic, for the word “‘life’ does not come to us 
with a pre-defined meaning. 

Thus the multiplicity of viruses is the same sort of phenomenon as the elementary 
multiplication of genes. There may be nucleic acid complexes other than genes or 
viruses which have a familiar mechanism of multiplication. Such substances are 
beautifully adapted to carry memories, not only in the race but in the individual. 
It is an observation which has been made within the last few years, that nucleic acid 
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complexes are to be found in the nervous system more readily than in other tissues. 
Not only are they to be found in the nervous system but they seem to be largely 
located in the neighbourhood of the synapses, in other words, in the places where the 
nerve fibers communicate with one another and where we should naturally suppose 
that some of the most critical nervous activity takes place. 

Thus it is quite reasonable to suppose that the stable memory which is not so 
instantaneously available, is carried not by reverberating circuits in the nervous 
system but by nucleic acid complexes. Our pattern is not a switching pattern but a 
pattern of some molecular activity, let us say of molecular vibrations. This is the 
sort of dynamics which we study in solid state physics. And if we wish to tie up nervous 
activity with statistical mechanics this may well be the phenomenon which we should 
investigate. 

In order to see what sort of activity may be involved in nucleic acid memory, let 
us take the much simpler solid state phenomenon, that of crystal habit. We are 
all of us familiar with the regularity of snowflakes, which are crystals of water. We 
do not need at present to account for the six-fold symmetry of snowflakes as such 
because it corresponds to the hexagonal lattice of hydrogen and oxygen in the crystals. 
However, the symmetry of the snowflake is more than the symmetry of the lattice. 
Not all snowflakes have a gross hexagonal symmetry, but many of them do. In this 
there is the remarkable correspondence between the different limbs of the crystal. 
We do not in general find crystals where one limb is taken from one snowflake, 
another limb from another, and so on. The resemblance between the different limbs 
is great and very possibly too great to be accounted for by the similar states of deposit 
through which all six limbs have gone. There seems to be some active force adapting 
the limbs to one another and this force is probably connected with the vibrations of 
the snowflake, magnetic or electrical, or both. Thus the organization of the snowflake 
may be sought in the dynamics of its oscillations. This dynamics is not merely linear 
and the whole general problem of crystal habit cannot be separated from the active 
nonlinear dynamics of crystals. 

Now if we go back to nucleic acid complexes it is an ascertained fact that some of 
them are crystals. Tobacco mosaic virus has been crystallized for a matter of decades 
and recently some of the cancer viruses in man have been crystallized. Thus it is 
quite conceivable that in the dynamics of the formation of these crystals vibration 
phenomena play a role just as they do in the formation of snowflakes. At least a 
part of these vibration phenomena may be electro-magnetic vibrations. In this case 
the double spiral statics of the formation of genes and viruses, as well as of the carriers 
of long-term memory, would be the electromagnetic molecular vibrations of the 
spirals, which are by their very nature incipient crystals. Here we must realize that 
the possibility that these vibrations are the heart of the phenomenon does not mean 
that these vibrations have enough power to act at a distance. Nevertheless it may be 
possible to produce such vibrations at really high levels of energy. The recent work 
being done with lasers indicates that crystals can be made to vibrate with power 
according to highly specific models. Perhaps it may be possible to take some of the 
virus- or gene-crystals, and make them vibrate in a similar specific manner. If this 
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were the case it is quite conceivable that this sort of light or radiation energy may 
itself have an aspect of the multiplicity of the nucleic acid complexes. If it is in fact 
a substance of the nucleic acid complex type which has effected a nervous memory 
specific radiation may well be important in the dynamics of this memory. 

One matter which has made me suspect that the vibrations of the molecules in 
nucleic acid complexes may be responsible for their behaviour as organized systems 
is that in dynamical systems of a much coarser texture the vibration properties play 
a large part in their organization. This is true both with biological and with engi- 
neering systems. In the ordinary system of electric alternators which constitutes the 
source of power for our electric lights, the various generators are pulled together in 
their frequency or speed of rotation by their interaction which tends to slow down the 
rotation of those generators which are going fast and to speed up the rotation of 
those which are going slow and thus to produce a system with stability of frequency 
greater than that which would be obtained by the regulatory mechanisms of each 
generator independently. This pulling together of frequencies is an example of what 
we call ‘a nonlinear phenomenon’ or, in other words, one in which adding of inputs 
does not add outputs. It is only in systems of this sort that different frequencies of 
oscillation can interact. 

This is a prototype for the phenomenon of organization which takes place very 
frequently in biology. It takes place e.g. in the frequencies of oscillation of the brain 
and seems to produce the remarkbable dominance of frequencies of about 10 oscil- 
lations per second which is known as the a-rhythm. It is also probably responsible 
for the flashing in unison of fireflies on a tree in a tropical forest. 

This phenomenon of behaviour in unison which is observed with fireflies can be 
duplicated with many other communities of animals as e.g. that of baby chicks, with 
which we are experimenting now here in Amsterdam. These chicks have a peculiar 
ery of terror which under certain circumstances tends to be given more or less at 
the same frequency and the same phase by all the members of the community. In 
explaining the production of this cry we must remember that the chicks can both 
make a sound and hear it. If this cry is recorded by the magnetic tape at its usual 
frequency and time, and is played back to the chicks then the chicks may take up the 
cry and echo it with a remarkable consistency of period. This periodic ery may conti- 
nue for several cycles after the tape has been turned off. This suggests that under 
appropriate circumstances it may continue indefinitely, with the cry of the other 
chicks acting as the tape has acted. Thus we have a self: organizing process in which 
the necessary nonlinear interaction of the chicks produces a process with a recogniz- 
able structure. 

These phenomena of entrainment and of mutual entrainment seem to have a very 
wide range in life processes. The suggestion which I have made concerning the self- 
organization of nucleic acid complexes is that the molecular vibration is subject to 
similar entrainment. 

While entrainment, as we have seen, is not necessarily a random process, the sort 
of self-entrainment that we find in the community is generally a random process. 
It is a random process rather closely related to that by which the molecular vibrations 
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of the particles of air combine to produce organized sound waves. Here I must go into 
the history of random motion. 

In the middle of the last century Clark Maxwell developed the statistical theory of 
gases. The pressure-volume-temperature relations of gas are derived from the random 
collisions of particles not unlike miniature billiard balls. The theory was first devel- 
oped in the case of particularly elastic collisions between balls of negligeable size and 
it led to the theory of the perfect gas, in which the product of pressure and specific 
volume is proportional to the temperature. Later on it was found that this theory was 
not adequate to cover the experimental observations and it was modified by Van der 
Waals into a theory taking into account the specific volume of the particles and the 
fact that their interaction was distributed over a certain range of distances. Nowadays 
in the theory of plasmas we are forced to consider sound in media in which the 
range of interaction between two particles is infinite, and it has not been too easy to 
accommodate Van der Waals’ theory to this case. 

However, the basis for a wider statistical theory suitable to plasma theory and also 
to the far more complicated dynamics of biological interactions was being developed 
at the same time by Hamilton in Ireland and was later carried further by Willard 
Gibbs in the United States. In this the basis for the statistical theory lay not in the 
multiplicity of the molecular particles but in what is known as ‘phase space’. Phase 
space has dimensions of position and momentum, and has as a fundamental in- 
variant an energy which is the sum of potential and kinetic energy. This energy 
quantum is known as the Hamiltonian theorem and the whole dynamics of the system 
may be expressed in terms of it. This is the classical basis of Hamiltonian statistical 
dynamics although certain refinements of it, such as those involving the theory of 
relativity, may concern themselves with more complicated structures of space and 
time. 

Statistical dynamics consider the development of a dynamical system in time, but 
not of a single system. It deals rather with the distribution of systems spread accord- 
ing to a certain basis of probability. To give an account of this distribution one must 
be able to average over distributions in phase space. This is a field of work to which 
1 have devoted myself for years, and we can use a very rigorous mathematical theory 
as our basis for statistical mechanics. It can be referred back to a one-dimensional 
theory in which we have a quantity distribution over a line in such a way that the 
amount over a given interval is independently distributed, compared with the amount 
of a nonoverlapping interval at where the distribution depends only on the length 
of the interval. With this distribution as a basis it is possible to build a very elaborate 
theory of many other distributions dependent upon it and to apply this to statistical 
mechanics. 

Here let me remark improvidently that the statistical mechanics of the present day 
has been radically modified by the introduction of ideas from quantum theory. By 
this, probability has been submitted to new postulates. In the earliest days of quantum 
theory these postulates seemed to be somewhat arbitrary and it was not easy to 
understand why they should be applicable to probabilities which would associated 
with the frequencies of the various natural phenomena. Jt has been possible, however, 
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to carry back this newer statistical mechanics of quantum theory to a statistical 
mechanics associated with a theory much more of a classical type. This work has 
engaged my attention for some years and I have carried it out with the collaboration 
of two colleagues, Armand Siegel of Boston University and Giacomo della Ricca of 
the Institute for Theoretical Physics at Naples. This work is far from complete but 
it gives us a good expectation of a statistical mechanics which will be universal and 
cover quantum phenomena as well as classical phenomena. 

Once one is in possession of the statistical mechanics of the Hamiltonian-Gibbsian 
basis, one finds that it is after all not so different from the statistical mechanics of 
Maxwell’s basis to which one has been accustomed for years. After all, if we deal 
with the molecules of the gas, their positions are expressed in the position coordinates 
of phase space and their momentary coordinates. Thus Maxwellian statistical me- 
chanics can automatically be expressed as a particular case of a Gibbsian one, where 
we ignore those properties which are unchanged by the interchange of molecules. 
This is a direction of work in which much remains to be done and in which it is 
natural to develop e.g. a theory of sound with long range forces such as occur in 
plasmas. It is this Gibbsian frame which seems to me most suitable for the statistical 
mechanics which we need in the study of nucleic acid complexes and other biological 
phenomena and particularly in the study of life and nervous phenomena. 

I repeat: since this statistical mechanics is largely the work of the future (although 
we have a solid mathematical basis upon which to develop it), unlike the statistical 
mechanics of nerve nets it does not involve a permanent structure of connections 
which is subject to later modifications. In the theory of this latter type it would be 
easier to deal with memory structures which can be transferred from one place in 
the anatomical system to another. In other words it is quite possible that the sus- 
picions which people like Ashby have, that the basis of nervous organization is 
statistical, need not to be attributed to the existence of a certain permanent network 
of anatomical connections carrying an independent statistical ensemble of messages. 
A Statistical neurology is just as compatible with what I have called the wet neuro- 
physiology as with the dry neurophysiology. 

[ have not been able to bring this résumé of these ideas to a final state in which 
all that the future investigator will have to do is to fill in details in pattern which 
has already been rendered explicit and closed. However, I think that I have helped 
to suggest the liberty to think of neurological and other physiological problems on 
a Statistical basis without tying them down to an anatomical rigid notion of the nervous 
system. In dealing with an organization of such almost inconceivable complexity it 
would be fatal to limit one’s possibilities of thought too narrowly at the beginning. 
The remaking of neurophysiology on a mechanistic basis is only half of the problem, 
which is faced by the physiologists of the future. I am convinced that when the ba- 
lance of the intellectual developments of the future is cast we shall find that it is not 
only the physiologists who have taken over the ideas of the physicists, but the phys- 
icists as well who will have taken over many of the ideas of the physiologists. 

We are in physics in a stage in which we no longer possess a single authoritative 
physical system like that of Newton. The fundamental particles of modern physics 
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are of the greatest possible importance but they are not fundamental in the sense 
of being ultimate. Relativity and quantum theory both represent valid moments in 
the development of physics but the difficulties of Einstein and Bohr remain, and the 
unified field theory on which Einstein counted is still a pious hope. We are all expect- 
ing a new synthesis of ideas, which will certainly not be final but will give us a new 
plateau on which physics can operate for decades, if not for centuries. However, 
when we attain to this among the phenomena whose study has contributed to this 
new unified physics of the future biological phenomena will be an essential part of 
the conceptual basis which has led to the new synthesis, and I think it is safe to 
predict that the physical part of our unified science will show much modification by 
the inclusion of phenomena which we now consider to belong explicitly to the world 
of life. 
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